Abstract: Streptomyces isolates were obtained from potato tubers with common scab lesions from 2 fields over a 3 year period in Minnesota and a 5 year period in Maine. Isolates were obtained from different potato cultivars or breeding lines and types of scab lesions. A majority of isolates could be classified as putative pathogens based on the presence of genes for biosynthesis of the pathogenicity determinant, thaxtomin, but large numbers of streptomycetes lacking genes for thaxtomin biosynthesis (presumably nonpathogenic) were also recovered. Most Streptomyces isolates recovered from raised and pitted lesions were pathogens, whereas mostly nonpathogenic isolates were recovered from unblemished potato skin or nonscab lesions. Fewer pathogenic than nonpathogenic isolates were recovered from the most resistant potato lines. The proportion and diversity of nonpathogenic isolates recovered was higher in Maine than in Minnesota. The association between greater numbers of nonpathogenic Streptomyces and less severe common scab suggests that the interaction between plant genotype and Streptomyces microbial community is important in determining the severity of common scab on potato, and emphasizes the role of complex interactions between plants and microbial populations on and near plant roots in plant disease outcomes.
Introduction
Interactions between plants and microorganisms are remarkably varied and complex. Plant roots influence microbial growth, and microbes in turn influence plant growth (Klironomos 2002; Bais et al. 2005 Bais et al. , 2006 . Differences in microbial community structure have been associated with plant disease and disease suppression (Weller et al. 2002; Cook 2006; McSpadden Gardener 2007; Weller 2007) . Microbial species composition and microbial population size are substantially different on or near roots from the microbial flora in bulk soil (Keinath and Loria 1989; Merzaeva and Shirokikh 2006) , and these differences can influence plant disease.
Actinomycetes make up approximately 6%-12% of total soil microbial flora (Janssen 2006 ) and the genus Streptomyces is a prominent soil actinomycete, well known for its production of antibiotics and hydrolytic compounds. Most Streptomyces species are saprophytic; only a small number of species are plant pathogens, and these typically comprise less than 3%-6% of total soil actinomycetes (Keinath and Loria 1989; Wang and Lazarovits 2005) . Some Streptomyces species are associated with plant roots or the rhizosphere as both pathogenic (Loria et al. 1997 (Loria et al. , 2006 and beneficial (Lorang et al. 1995; Yuan and Crawford 1995; Berg et al. 2001; Shekhar et al. 2006) organisms and have also been described as endophytes in potato (Krechel et al. 2002; Sessitsch et al. 2002 Sessitsch et al. , 2004 . Approximately 10 pathogenic species have been described (Kreuze et al. 1999; BouchekMechiche et al. 2000; Bukhalid et al. 2002; Park et al. 2003; Wanner 2006) ; most of these group into 1 or 2 closely related clades in the genus. Pathogenic species cause common scab on a broad range of host plants and share a mechanism of pathogenicity based on production of the pathogenicity determinant thaxtomin. Genes encoding biosynthesis of thaxtomin are carried on a large region of the Streptomyces chromosome with distinctive features suggestive of a pathogenicity island (PAI) (Bukhalid et al. 2002; Kers et al. 2005; Loria et al. 2006) . It has been demonstrated that the Streptomyces PAI can be horizontally transferred to a formerly nonpathogenic species to create a plant pathogen (Kers et al. 2005) .
Several types of lesions are associated with common scab, ranging from small superficial round or star-like lesions to raised warty bumps to shallow or deep pits. In the least serious cases, the tuber surface may be netted or scaly. Scab lesions can be relatively small and discreet or they can coalesce into large confluent raised or a combination of raised and pitted areas. Although common scab affects multiple root and tuber crops, the most economically important host plant is potato, in which superficial and slightly raised lesions reduce crop value for cosmetic reasons and large coalescing lesions or deep pits result in rejection of entire potato lots at commercial processing plants. Common scab occurrence and severity varies from location to location and from year to year in the same location. Lesion severity also differs between different potato cultivars. Variable occurrence of common scab is generally considered to be due to edaphic and climatic factors, but little information is available on the effects and significance of microbial ecology in disease etiology. The goal of this study was to better understand the interaction between potato plants, their microbial inhabitants and common scab disease by characterizing the diversity of streptomycetes associated with specific types of common scab lesions and with plant lines differing in their susceptibility to common scab.
Matching sets of potato varieties and breeding lines have been planted in yearly trials in 2 fields dedicated to common scab resistance testing for many years Wanner et al. 2006) . Common scab disease pressure differs within these fields from year to year, but it is always higher in the Maine location than in the Minnesota field. Large numbers of streptomycetes were isolated from potato common scab lesions from both locations over a number of years. A single species of pathogenic Streptomyces was identified from both locations. In addition, a substantial number of nonpathogenic isolates was collected from common scab lesions. Ratios of pathogenic to nonpathogenic isolates recovered from plants differing in disease resistance and from different common scab lesion types are reported here. In addition, the diversity in recovered nonpathogenic Streptomyces species is described.
Materials and methods

Field locations and characteristics
Streptomycetes were isolated from scabby potato tubers harvested from a field in Becker, Minnesota, and a field in Presque Isle, Maine; these fields have been used to test potato variety susceptibility to common scab for over 25 years. Features of soil, irrigation, and maintenance of pathogen inoculum density in the 2 locations are presented in Table 1 . Between 17 and 24 potato cultivars or breeding lines were planted in triplicate hills of 5 seed pieces each in a random block pattern each year in each field. Potato lines planted varied in their susceptibility to common scab Wanner et al. 2006) , as determined at the end of the growing season by rating tubers for the types of lesions a Measured with pH paper after shaking 1 g of soil in 10 mL of distilled water.
present and the surface area affected by lesions (rating system described in Goth et al. (1993) . The types of common scab lesions seen, ranked from least to most severe, were as follows: (i) superficial discrete lesions <0.5 cm in diameter, (ii) coalescent superficial lesions >0.5 cm in diameter, (iii) raised discrete lesions <0.5 cm in diameter, (iv) coalescent raised lesions >0.5 cm in diameter, and (v) discrete or coalescent shallow or deep-pitted lesions of any size. All types of lesions were found on most lines in both locations, although the prevalent type of lesion and the proportion of tuber surface area affected differed between potato lines. A total of 9, 17, 59, 54, and 36 individual sites were sampled from the Maine field in 2001, 2002, 2003, 2004, and 2005, respectively Resistance to common scab was determined after harvest as described in Materials and methods, and potato lines were clustered into resistant, susceptible.
c Number of potato lines classified in the resistance cluster from which isolates were obtained.
d
Three hills were planted per potato line per year. All hills were not sampled in any given year, but generally, at least one hill per potato line was e Lesions were categorized into 7 types; all types were not necessarily found on every potato line. The number of different types found is shown. lesions, small discrete raised lesions, coalescent raised lesions, and pitted lesions.
f Usually, one tuber per potato line was sampled. In some cases, more than one tuber from a hill or more than one hill per potato line was sampled to g Total number of independent isolations from the resistance cluster. The number of colonies picked and examined from initial isolation plates. In 2004-2005, a minimum of 6 colonies were picked and examined per i The number of isolations (with 6 picked colonies) that had more than one morphological type of Streptomyces on yeast -malt extract agar by j Number of isolates in 2001-2003 that were subjected to 30 min at 55 8C during isolation. k Number of isolates genotyped for txtAB and for Streptomyces species, as described in Materials and methods. l Number of isolates that were positive for txtAB. m Number of isolates that were negative for txtAB.
grown were grouped into common-scab susceptible, intermediate, and resistant by visual clustering, based on the average scab lesion severity scores of all tubers from the 3 replicate hills per line after harvest. The numbers of potato lines sampled from each location and year that were classified as resistant, intermediate, or susceptible are listed in Table 2. Because potato lines were breeding materials being tested for common scab resistance, the numbers of each type in each year are not balanced; typically, fewer lines were resistant. Streptomyces isolations were made from representative tubers of susceptible, intermediate, and resistant potato lines and from different types of lesions (pitted, raised, or superficial or no lesion) as well as areas of the tubers showing other surface defects not having an appearance typical for common scab.
Streptomyces isolation procedures have been described previously (Wanner 2004 (Wanner , 2006 . In brief, small sections were excised from scabby potato tubers that had been stored since harvest at 7 8C (between 2 and 7 months). Excised pieces were surface sterilized in a 1.5% (v/v) solution of household bleach containing a few drops of liquid soap for 2 min and were then rinsed thoroughly in water. Pieces were ground in sterile distilled water using a ground glass homogenizer, and aliquots of diluted or undiluted homogenate were plated onto 1.5% water agar. No antibiotic selection was used. In , 2002 In , and 2003 , nearly all homogenates were treated at 55 8C for 30 min before plating undiluted onto water agar. Plates were incubated at 25-28 8C for at least 10 days, and 2-5 relatively well-separated isolates were selected per isolation. When morphological differences (such as compact morphology or diffusible pigment color) were evident on water agar, isolates with different appearances were selected, not necessarily in proportion to their representation on plates, and subtransferred as required until pure. This procedure unexpectedly yielded more nonpathogenic isolates than pathogens, resulting in uncertainty about whether the isolates picked accurately represented the frequency and variety of Streptomyces inhabiting common scab lesions. Accordingly, the sampling strategy and isolation procedures were changed in 2004 and 2005. Instead of relying on heat treatment to reduce the ''background'' of fast-growing non-Streptomyces, 100-fold, 1000-fold, and 10 000-fold dilutions of the original homogenate were plated onto water agar. To determine the variety of Streptomyces inhabiting a lesion, 6 (or 12) isolates with Streptomyces mycelial morphology were picked at random from an appropriate water agar dilution plate and streaked onto yeast -malt extract (YME) agar. The color of the underlying substrate mycelium, spores and diffusible pigments (if present) are evident on YME agar, making it possible to determine whether the picked isolates were alike or different in appearance. Whether all 6 picked isolates were morphologically similar or different was recorded (see Table 2 ) and representative isolates from each set of 6 picked isolates were saved and genotyped. In most cases, 1-4 isolates out of 6 picks from a single isolation were preserved and genotyped. A summary of the number of potato lines, lesion types, and tubers sampled from each location and year for independent Streptomyces isolations, and the number of isolates surveyed, picked, and genotyped is presented in Table 2 ; full details for all isolations and isolates are available from the author on request. For each isolate saved, morphological characteristics on YME agar and production of melanoid pigments on peptone -yeast extract -iron (PYI) agar (except in 2004) were recorded. For long-term preservation and DNA preparations, single colonies were streaked onto YME agar and incubated at 25-28 8C until evenly sporulating (10-20 days). Agar plugs were cut from well-grown areas of the plates using a sterile #2 cork borer and plugs were placed in cryovials for storage at -80 8C or in DNA preparation vials, which were stored frozen at -80 8C until DNA was extracted. DNA was prepared from frozen agar plugs using a QBiogene DNA Fast prep kit and Fast prep machine as described previously (Wanner 2006 ).
Characterization of isolates
After confirming that DNA from isolates could be amplified by PCR using a primer pair to highly conserved regions of the bacterial 16s rDNA gene (primers 16s1F/16s1R (Bukhalid et al. 2002) or primers 16s1F/455-435 (Wanner 2006) ), the presence or absence of the operon encoding thaxtomin synthetase was determined by PCR as described (Wanner 2006) . All isolates having the txtAB operon were considered to be pathogenic. Isolates were species typed as described previously (Wanner 2006) (Table 3) , one of which corresponds to S. scabies/S. europaeiscabiei (group 1). Nonpathogenic isolates were also grouped into 10 morphological categories based on the color of the substrate mycelium and spores produced on YME medium. The 10 color groups are listed in the key to Fig. 4 , which shows how many isolates of each rDNA PCR pattern are in each color morphology group. Color group No. 1 is indistinguishable in appearance from pathogenic Streptomyces scabies.
Analysis of differences in distribution of pathogenic and nonpathogenic isolates
The probability that differences in distributions of pathogenic versus nonpathogenic isolates in different locations, from different types of lesions, and from plant lines differing in scab susceptibility were significant was assessed using bivariate tabular analysis and the 2 test.
Results
This study was undertaken to investigate the variety of Streptomyces strains or species found in common scab lesions on potatoes grown in Maine and Minnesota. Both fields have been used for more than 25 years to test potatoes for common scab resistance. Recently, both fields have been used in the National Common Scab Trials to test a common set of potato varieties and breeding lines for resistance to common scab Wanner et al. 2006) . Common scab disease pressure varied within and between these 2 locations from year to year, but was consistently higher in Maine than in Minnesota . Multiple independent isolations of Streptomyces were made from common scab lesions during each of 3 years in Minnesota and 5 years in Maine from an average of 20 potato lines differing in common scab susceptibility, from different types of scab lesions (pitted, raised, and superficial) and from unblemished tuber surfaces and surface defects not appearing to be common scab.
Pathogenic isolates recovered
In total, 720 isolates were genotyped, 226 from Minnesota and 494 from Maine. Both pathogenic and nonpathogenic isolates were recovered from resistant, intermediate, and susceptible potato lines and from all lesion types. The origin and pathogenicity typing of all isolates from susceptible, intermediate, and resistant potato lines in both locations and all years is presented in Table 2 . Numbers of isolates originating from different types of scab lesions are summarized in Table 4 . Isolates were genotyped for the presence of the txtAB gene, encoding an enzyme for biosynthesis of thaxtomin, the only known plant pathogenicity determinant in Streptomyces (Loria et al. 2006) . Correlation of pathogenicity and the presence of the txtAB gene in Streptomyces isolates in the US was shown to be 100% in radish or potato bioassays (Wanner 2004 (Wanner , 2006 and this gene has been used as a marker of pathogenicity Lazarovits 2004, 2005) . On this basis, 462 of the isolates examined (64%) were pathogenic. Most isolates, including all txtAB+ isolates, were genotyped for presence of 2 other markers of the Streptomyces PAI, a saponinase homolog (tomA) and the nec1 gene, to determine a PAI haplotype. Nearly all txtAB+ isolates were positive for tomA (2 Maine isolates were txtAB+ but tomA-and nec1-). A few txtAB+tomA+ isolates were missing the nec1 gene (1 from Maine and 14 from Minnesota). There have been numerous reports of thaxtomin-producing streptomycetes lacking the nec1 gene, and txtAB+nec1-tomA+ PAI strains have been confirmed to be pathogenic (Kreuze et al. 1999; Bouchek-Mechiche et al. 2006; Wanner 2006) . Five Maine isolates had a tomA gene in the absence of txtAB and nec1; these isolates are presumably nonpathogenic.
All 462 txtAB+ isolates tested positive using PCR primers that specifically recognize a unique sequence variant in the 16s rDNA gene from S. scabies and S. europaeiscabiei (Wanner 2006) , 2 of the most common scab-causing Streptomyces species. Although genetically distinct (Bouchek-Mechiche et al. 2000) , these 2 species are indistinguishable with the primers used here. Streptomyces scabies and S. europaeiscabiei have both been identified in the USA (Wanner 2006 ), but reliable information on their relative abundance in the USA is not presently available. It is therefore not certain that all txtAB+ isolates in this study actually belong to a single species. A discrimination system with greater resolving power such as REP-PCR, or multi-locus sequence typing would be likely to separate these 2 species.
Although all pathogenic (txtAB+) isolates were classified as belonging to species S. scabies/S. europaeiscabiei, the isolates varied in morphology on YME agar. Most pathogenic isolates were similar in appearance to the S. scabies type strain ATCC 49173; on YME agar, most had tan, gold, or brown substrate mycelium with spores ranging in color from white or light gray to darker gray, and produced an orange-brown diffusible pigment. In some isolates, the substrate mycelium was colorless, light yellow, or bright yellow, and a few isolates were ''bald,'' producing no or little aerial mycelium. Most produced a dark melanoid pigment on peptone -yeast extract iron agar plates. Isolates from Minnesota were more homogeneous in morphology than those from Maine.
Effect of different isolation procedures on the recovery of pathogenic and nonpathogenic Streptomyces
Two strategies for isolating Streptomyces from scab lesions were employed: (i) surface-sterilized lesion material was homogenized in water and dilution plated onto water agar, and (ii) the homogenate was subjected to a 30 min heat treatment prior to plating. Heat treatment greatly reduced the background of nonstreptomycete bacteria on isolation plates, but significantly reduced the numbers of streptomycetes by 5-to 20-fold as well, and a different spectrum of Streptomyces species was observed. (Fig. 1) . Chi-square analysis confirmed that this difference was significant (P < 0.001). From Minnesota, the 33% nonpathogens isolated in 2003 was lower than in Maine, but there was a similar 3-fold reduction to 13% nonpathogenic isolates in 2004-2005 when isolations were performed without heat treatment. Heat and (or) phenol, as well as antibiotics, have frequently been used in Streptomyces isolation protocols, but as these treatments do introduce a selective bias, their use should be reevaluated. Since significant differences in the proportions of pathogenic to nonpathogenic Streptomyces isolates were obtained using the 2 methods of isolation, the total data set and the data set 
Differences between Minnesota and Maine in proportion of pathogenic to nonpathogenic isolates
The percentage of all isolates that were pathogenic (txtAB+) was higher in Minnesota than Maine. The difference was highly significant (P < 0.001) when isolates from all years were considered. Large numbers of nonpathogenic isolates in Maine in 2002 and 2003 skewed the proportion, but the proportion of nonpathogenic streptomycetes remained significantly higher in Maine when only [2004] [2005] isolates were considered (P < 0.025). All txtAB+ isolates from both locations were Streptomyces species S. scabies/ S. europaeiscabiei and no nonpathogenic isolate from Minnesota was S. scabies/S. europaeiscabiei. A small percentage of nonpathogenic streptomycetes from Maine was S. scabies/S. europaeiscabiei.
Proportion of pathogenic isolates from different potato scab susceptibility groupings
Pathogenic strains were obtained from potato lines that were quite susceptible to common scab as well as from those that were more resistant ( Table 2 ). The percentage of all isolates that was pathogenic differed, with a larger percentage of pathogens coming from the common scabsusceptible and intermediate lines (Fig. 2) . The difference was highly significant for all isolates (P < 0.001), for all Maine isolates (P < 0.001), for Maine 2004-2005 isolates (P < 0.001), and for Minnesota 2004-2005 isolates (P < 0.05), but not for Minnesota isolates from all 3 years combined (P < 0.15).
Proportion of pathogenic isolates from different lesion types
Pathogenic isolates were obtained from different lesion types, including potato skins showing no symptoms of common scab and those showing atypical surface defects such as netting, cracking, alligator skin patterns, and other scurfylooking skin blemishes (Table 4 ). The percentage of isolates that was pathogenic differed between lesion types (Fig. 3) . The highest ratio of pathogenic to nonpathogenic isolates was obtained from more severe scab lesion types (raised or pitted lesions) and the lowest ratio came from potato skin defects that were not apparently common scab. Chi-square tests showed the differential distribution of pathogenic to nonpathogenic streptomycetes among lesion types to be significant (P < 0.001) for all isolates, for all Minnesota isolates, for all Maine isolates, for Maine 2004 , and for Minnesota 2004 isolates.
Nonpathogenic isolates
Approximately one-third (36%) of isolates obtained from all years was presumably nonpathogens, based on the absence of the txtAB operon. These isolates came from susceptible and resistant potato lines and from all types of common scab lesions, although in different proportions, as shown in Figs. 2 and 3 . Streptomycetes lacking the txtAB gene were much more varied in appearance on YME agar, with colors ranging from cream to brick-red, dark brown, black, and purple (Fig. 4) , though isolates resembling S. scabies in having tan to light brown substrate mycelium and gray aerial spores were the most common group. Streptomyces morphology is often variable, so 16s rDNA sequence variable regions were characterized to assess the phylogenetic heterogeneity of these nonpathogenic isolates. Four sets of PCR primers were used, which generated 15 distinct patterns (Table 3 ). All possible combinations of 16s rDNA pattern were identified in the total collection of nonpathogenic isolates. All of these patterns were represented in isolates from Maine and most were also found among the smaller collection of txtAB-isolates from Minnesota (Table 3) . Certain patterns were most abundant; the predominant patterns in Maine were rDNA groups 8, 6, and 0, whereas the most abundant rDNA groups in Minnesota were 8, 10, and 0. Though several rDNA types were found only in resistant or susceptible potato lines, certain lesion types, or in one location, the small numbers and great diversity of types recovered precluded clear association of any type with potato resistance or with specific types of scab lesions. The recovery of isolates belonging to specific rDNA groups was also influenced by whether isolation incorporated a 30 min 55 8C heat treatment; more isolates in groups 10 and 12 were obtained after heat treatment than without heat treatment. Thermotolerant Streptomyces species have been reported in compost (Inbar et al. 2005 and references therein).
By combining morphological appearance and rDNA type, a large number of different nonpathogenic isolate groups was distinguished (Fig. 4) . Most morphological color groups were distributed among several 16s rDNA patterns, indicating that similar-looking Streptomyces are phylogenetically heterogeneous. 16s rDNA group 8 was particularly heterogeneous, as all 10 color morphologies were identified among this most abundant rDNA type. Phylogenetic heterogeneity within this group was substantiated by cloning and sequencing the 16s rDNA from 7 isolates. Seven rDNA group 8 isolates with various color morphologies were most similar by Basic Local Alignment Search Tool (BLAST) search of the nonredundant nucleotide sequence database at the National Center for Biotechnology Information to 16s rDNA sequences of S. griseus and S. anulatus (GenBank accession Nos. EU080944, EU080947, EU080953, EU080967, EU080969, EU080970, EU080971), whereas both an orange substrate/ gray-spored and a purple substrate/gray-spored 16s group 8 isolate were most closely related to S. violaceolatus and S. coelescens (GenBank accession Nos. EU080957 and EU080965). Heterogeneity among species with cream substrate and white spores was also indicated by the occurrence of several 16s rDNA types. Cloning and sequencing of 16s rDNA genes from several cream substrate white-spored isolates confirmed 2 rDNA type 8 isolates to be most closely related to S. violaceolatus and S. humiferus (GenBank accession Nos. EU080945 and EU080968), a type 4 isolate to be related to Ochrobactrum anthropii and a type 11 isolate to be closely related to Promicromonospora (GenBank accession No. EU080946).
Discussion
Streptomyces is a prominent genus in the soil microbial community (Janssen 2006) , comprising more than 100 species. Streptomycetes are also represented in the plant rhizosphere in which there is some evidence that species numbers increase several orders of magnitude compared with their representation in bulk soil (Keinath and Loria 1989; Wang and Lazarovits 2005; Merzaeva and Shirokikh 2006) . Streptomycetes are generally regarded as saprophytes and can survive in soils for long periods without plant hosts (Wang and Lazarovits 2004) . However, plants and their microbial flora interact, and there is some evidence for specificity in association between particular plant species and species or species groups of Streptomyces, in which some species may play a role in biocontrol (Yuan and Crawford 1995; Berg et al. 2001; Shekhar et al. 2006) , disease suppression (Lorang et al. 1995) , and plant growth promotion (Merzaeva and Shirokikh 2006) . Plants in turn may provide a suitable habitat for bacterial growth. Based on their ubiquitous representation in plant and soil samples, it is likely that Streptomyces species may perform various functions in potato plant health, but information on rhizosphere and (or) rhizoplane community composition and roles of individual members of the plant microbial flora is currently quite limited.
The focus of this study is the relationship of the Streptomyces community flora to plant disease outcome, specifically to common scab, caused by a small subset of Streptomyces species. From the extensive sampling of streptomycetes found in potato common scab lesions reported here, we have gained some insight into differences in Streptomyces species that may be associated with a plant disease outcome and we have established a framework for future quantitative studies of Streptomyces population dynamics during common scab lesion initiation and development. Differential occurrence of pathogenic and nonpathogenic Streptomyces on resistant and susceptible potato lines is evidence for a role of the plant genotype in selecting or constraining the Streptomyces microbial flora.
In this study, a large number of plant pathogenic and nonpathogenic streptomycetes was isolated from various common scab lesion types on potato lines differing in susceptibility to common scab. When isolates were sorted by the type of scab lesion from which they came, the ratio of pathogens to nonpathogens was higher in more severe scab lesion types (raised or pitted lesions) than in superficial scab lesions. Relatively fewer pathogenic isolates were recovered from unblemished potato skin or skin defects not apparently related to common scab. These observations are in agreement with the data of Wang and Lazarovits (2004) , who found larger numbers of pathogenic Streptomyces on scabbier plant material. Taken together these studies suggest that different types of scab lesions and overall disease severity may be controlled at the level of bacterial population density.
When isolates were sorted based on the common scab susceptibility of the potato line of origin, the ratio of pathogenic to nonpathogenic isolates recovered differed, with more nonpathogenic Streptomyces isolates coming from resistant potato lines. Keinath and Loria (1989) also observed higher actinomycete populations associated with a common scab-susceptible potato cultivar than a resistant cultivar. Our data indicate that plant genetics clearly has a role in bacterial population dynamics. Possibly, resistant potato lines produce something that limits pathogen population growth or they provide a more favorable habitat for nonpathogenic soil Streptomyces that out-compete or inhibit pathogenic species. Alternatively, a factor from susceptible varieties may encourage pathogen establishment or provide a more favorable habitat for multiplication of pathogenic species. Other possibilities are that resistant plants might produce something that limits or inhibits bacterial pathogenesis rather than bacterial multiplication or susceptible plants could produce something that triggers expression of bacterial pathogenesis.
Many morphologically and phylogenetically different txtAB-isolates were recovered from all types of scab lesions in this study. Plant pathogenic Streptomyces species represent only about 5% of soil streptomycetes (Keinath and Loria 1989) , but are present in much higher proportions in the rhizosphere of scabby potato tubers (Wang and Lazarovits 2005) ; others have isolated nonpathogens as well as pathogens from scabby potato tubers (Faucher et al. 1992; Lindholm et al. 1997) . We expected to recover mostly pathogenic isolates from scabby lesions; the recovery of large numbers of nonpathogenic species of Streptomyces from scab lesions was unexpected. Recovery of nonpathogenic streptomycetes was particularly high in 2002 and 2003, when a Streptomyces isolation protocol incorporating a 30 min heat treatment at 55 8C was used. Heat treatment greatly reduced the background of nonstreptomycete bacte- ria on plates, but it also disproportionately reduced the numbers of pathogenic streptomycetes. Although this may have been advantageous in revealing additional diversity in streptomycetes inhabiting scab lesions and potato skins, it skewed the ratios of pathogenic to nonpathogenic isolates. Ratios of pathogens to nonpathogens in [2004] [2005] are therefore considered to be more valid.
Since this analysis was based on isolations from scab lesions long after they developed in the field, the ratio of pathogenic to nonpathogenic species is at best an indirect reflection of Streptomyces species composition during establishment and development of disease and we cannot determine whether the nonpathogenic streptomycetes played a role in scab disease initiation or progression from these data. Evidence is available that plant pathogen populations are fairly stable in scab lesions for long periods of time, even months, at room temperature or in the cold (Lehtonen et al. 2004; Wang and Lazarovits 2004) , although Lehtonen et al. (2004) did find differential survival of 2 scab-causing Streptomyces species during storage at low temperature. It will be interesting to find out whether the species found here are typical of the soil streptomycete flora overall or represent a subset specifically associated with potato. The isolates may be normal inhabitants of potato skins or the potato rhizosphere and some may be secondary colonizers of the mildly damaged or undamaged tuber surface that survive (or even multiply) over time in cold storage. Some may be endophytes; Streptomyces endophytes have been described in potatoes (Krechel et al. 2002; Sessitsch et al. 2002 Sessitsch et al. , 2004 .
More nonpathogenic isolates were isolated from the Maine location. Although it was not carefully quantified in this study, isolation plates from Maine also consistently had greater numbers and variety of bacteria other than Streptomyces, suggesting that the soil or potato rhizosphere and (or) tuber microbial community may be more complex in Maine than in Minnesota. The composition of the potato rhizosphere and scab lesion microbial community is likely to influence common scab disease outcome and it will be of interest to further examine this in the future.
Nonpathogenic isolates were heterogeneous in both morphology and 16s rDNA sequence type. Predominant groups in Maine (rDNA groups 8, 6, and 0) were similar to the most prominent groups in Minnesota (8, 10, and 0). Since many different groups were found, most with only a few representatives, no predominant group could readily be associated with plant disease outcome. Absence of a predominant nonpathogen suggests that competition on the potato rhizoplane may not be specific; however, it does not preclude specific antagonism by a species present in relatively small numbers.
A few nonpathogenic isolates were classified by sequencing the 16s rDNA gene and they belong to clades of the genus Streptomyces phylogenetically separate from the clade containing most pathogenic species (D. Lakshman, USDA-ARS Floral and Nursery Plants Research Unit, and L.A. Wanner, USDA-ARS Genetic Improvement of Fruit and Vegetables Laboratory, unpublished data). Some of the same species have also been isolated from common scab lesions on potato tubers in Canada, including S. griseus, S. setonii, and S. violaceusruber (Doumbou et al. 2001) . In light of strong evidence that horizontal transfer of a PAI from pathogenic to nonpathogenic streptomycetes can and has occurred (Bukhalid et al. 2002; Kers et al. 2005; Loria et al. 2006) , it is interesting that these species are consistently found in close association with potato tubers and in scab lesions harboring large numbers of pathogenic bacteria without acquiring a PAI to become pathogens themselves. In contrast, nearly all (Maine) or all (Minnesota) of the hundreds of isolates identified as S. scabies and (or) S. europaeiscabiei had a PAI. These observations suggest that there are barriers to horizontal transfer of PAIs between Streptomyces species groups.
It is intriguing that nonpathogenic species were most varied and abundant in superficial lesions or atypical lesions, where populations of pathogenic strains were presumably not as high; these other species may be important in limiting scab-causing streptomycetes. Whether some of these species have potential as biocontrol agents for common scabcausing species merits further study. The method used to recover isolates from potato scab lesions in this study does not provide direct quantitative information on the numbers of pathogenic streptomycetes associated with each lesion type during lesion initiation and development. Clearly, real-time kinetic measurements of species composition and population densities are required to correlate disease outcome with common scab pathogen populations and the populations of other microbial flora present on or near developing potato tubers. The identification of a number of nonpathogenic species lays groundwork for quantitative analysis of their presence at different stages of disease development. Since many nonpathogenic soil Streptomyces species are visually indistinguishable from pathogenic species, we are using information from the isolates studied here to develop tools to specifically and quantitatively trace various Streptomyces species populations on potato tuber surfaces, in common scab lesions and in soil. Qualitative and quantitative study of potato skin and lesion microbial ecology should shed light on factors that are important for healthy potato tubers as well as for common scab susceptibility and severity.
